The median value of the frontal planar QRS-T angle of all participants was 38°. Subjects with the widest frontal planar QRS-T angle were older ( p = 0.027), were hypertensive (p = 0.001), and had higher corrected QT values (p = 0.001). Patients with the widest frontal planar QRS-T angle had larger LMCA and left anterior descending coronary artery diameters compared to subjects with a normal and borderline frontal QRS-T angle ( p = 0.004 and p = 0.028, respectively). Corrected QT, HT, and LMCA diameter were found as independent predictors of the frontal planar QRS-T angle. Subjects with HT and a larger luminal caliber of LMCA had the widest frontal planar QRS-T angle. Conclusion: Patients with a history of HT and a larger luminal caliber of LMCA had the widest frontal planar QRS-T angle. Since HT-induced electrophysiological changes are still not well established and we observed that changes in the luminal caliber of coronary arteries are associated with an abnormal frontal QRS-T angle, the frontal QRS-T angle could serve as a marker of ventricular repolarization heterogeneity in hypertensive patients in addition to keeping track of arrhythmic events, even before overt disease.
Introduction
Since vessel size has important therapeutic implications, coronary artery anatomy is a topic of interest because the measurement of the luminal diameter of the coronary arteries is an important indicator of early atherosclerosis [1] . Whereas smaller dimensions of the coronary arteries are a well-known independent risk factor for adverse cardiovascular events, larger dimensions are supposed to represent a variant of coronary atherosclerosis due to arterial remodeling [1] . The luminal caliber of the coronary arteries might be affected by age, sex, body surface area, autonomic function, anatomic distribution, branch length, and vessel tortuosity [2] .
The QRS-T angle, defined as the angle between the mean QRS and T vectors, indicates the main orientation of electrical heart activity during ventricular depolarization and repolarization, and has recently become an area of research interest. A wider QRS-T angle reflects an abnormal arrangement of ventricular repolarization and has been considered as a strong and independent risk indicator for cardiac morbidity and mortality compared to other traditional cardiovascular risk factors and electrocardiographic (ECG) risk indicators such as the length of the QT interval [3] . The pathophysiological mechanisms underlying abnormalities of repolarization were mainly uncertain, but in a number of limited studies the predictive value and availability of the frontal planar QRS-T angle in various patient groups (hypertension [HT] , coronary artery disease) have been investigated [4] [5] [6] . Also, there is no clear evidence about the effect of the luminal caliber of the coronary arteries on electrical activity of the heart.
We hypothesized that there might be a close relationship between coronary artery diameter and frontal QRS-T angle. Therefore, the present study was undertaken to measure the luminal diameter of the coronary arteries in an adult population without angiographically apparent atherosclerosis, and to investigate whether or not there is a relationship between the diameters of the coronary arteries and the frontal planar QRS-T angle.
Subjects and Methods

Patient Selection
Patients in whom coronary angiography (CAG) was performed due to a clinical suspicion of coronary artery disease from March 2009 to May 2012 were analyzed. The exclusion criteria were coronary artery disease on CAG, a history of previous coronary artery bypass graft operation, atrial fibrillation, bundle branch block, ventricular or atrial premature depolarization, left ventricular systolic dysfunction, diabetes mellitus, uncontrolled HT (systolic blood pressure >190 mm Hg), pericarditis, cardiomyopathy, presence of a pacemaker, and use of antiarrhythmic and vasodilator drugs. A total of 307 patients (males: 139, females: 168) with a normal coronary artery were included in the analysis. Demographic, clinical, laboratory, echocardiographic, and ECG data of the patients were obtained from the patients' medical records using the hospital's computerized database. The study was in compliance with the principles outlined in the Declaration of Helsinki, and the Institutional Committee approved the study protocol.
Coronary Angiography
Standard selective CAG using the Judkins technique with at least 4 views of the left coronary system and 2 views of the right coronary artery (RCA) were performed. The left main coronary artery (LMCA) was measured at its midpoint, the proximal left anterior descending coronary artery (LAD) was measured at its midpoint between its origin and the first septal or diagonal, the distal LAD was measured at its midpoint between the first and second diagonal, the left circumflex artery was measured at its midpoint between its origin and the first obtuse marginal, the proximal RCA was measured 20 mm from the ostium, and the measurement of the distal RCA was taken from the posterior descending artery. Measurements were obtained in 2 orthogonal views for each coronary artery. However, since the RCA is usually viewed only in 1 position, the second angiographic view could not be taken in most cases. The average of the 2 measurements was used for each coronary artery. Two separate investigators (M.G., A.C.O.) blinded to each other's results and patients' clinical data performed all measurements offline from the angiographic images on 2 separate occasions.
Surface ECG and Measurement of the Frontal QRS-T Angle
A resting 12-lead surface ECG with a paper speed of 25 mm/s and a signal size of 10 mm/mV was recorded in the morning period before CAG. The frontal plane QRS axis and T-wave axis were included in the reports of the automated ECG machine. The absolute difference between the frontal QRS wave axis and T-wave axis was defined as frontal planar QRS-T angle. If such a difference exceeded 180°, the difference was calculated by subtracting from 180° [7, 8] . After data collection, the patients were divided into 3 subgroups according to the frontal planar QRS-T angle: group 1 (normal) = 235 patients with a frontal planar QRS-T angle of 0-45°, group 2 (borderline) = 41 patients with a frontal planar QRS-T angle of 45-90°, and group 3 (abnormal) = the remaining 31 patients with a frontal planar QRS-T angle >90°.
Statistical Analysis
The Statistical Package for Social Sciences (SPSS, Chicago, IL, USA) version 20 was used for all statistical analyses and calculations. The data were tested for normal distributions using the Kolmogorov-Smirnov test. Continuous variables such as the QRS-T angle are presented as means ± SD and the categorical variables as numbers and percentages. A χ 2 test was used to compare categorical data. One-way analysis of variance (ANOVA) was used to determine significant differences among the means of the 3 groups. Spearman and Pearson correlation coefficients were used to perform univariate correlation between patients' data and coronary artery diameters. Multivariate linear regression analysis to deter-mine the independent variables likely to affect the frontal planar QRS-T angle was done. Based on the regression analysis, patients were recategorized into 4 groups according to the luminal calibers of the LMCA and history of HT: group A = nonhypertensive LMCA ≤ 4.13 mm, group B = nonhypertensive LMCA >4.13 mm, group C = hypertensive LMCA ≤ 4.13 mm, and group D = hypertensive LMCA >4.13 mm was used to compare frontal planar QRS-T angles between the groups with one-way ANOVA. Differences were considered significant at p < 0.05.
Results
The mean age of all the patients was 55.7 ± 10.5 years. Of the 307 cases, 166 (54.1%) had HT, 73 (23.8%) had diabetes mellitus, and 88 (28.7%) were smokers. The median value of the frontal planar QRS-T angle of all participants was 38°. Subjects with the widest frontal planar QRS-T angle were older (60.1 ± 11.3 vs. 56.7 ± 11.6 and 54.9 ± 10.1 years) ( p = 0.027) and hypertensive ( p = 0.001). The corrected QT was higher in patients with the widest frontal planar QRS-T angle ( p = 0.001). No association was found for other baseline demographic and clinical data. The baseline characteristics and biochemical data of all participants and of those with normal, borderline, and abnormal frontal planar QRS-T angles are given in Table 1 . For all the patients, the mean luminal caliber of the LMCA was 4.18 ± 0.61 mm, the mean luminal calibers of the proximal and distal LAD were 3.32 ± 0.49 and 2.61 ± 0.44 mm, respectively, the mean luminal caliber of the left circumflex coronary artery was 3.11 ± 1.08 mm, and the mean luminal calibers of the proximal and distal RCA were 3.27 ± 0.68 and 2.48 ± 0.67 mm, respectively ( Table 2 ). Patients with the widest frontal planar QRS-T angle had larger LMCA diameters and proximal LAD diameters compared to subjects with normal and borderline frontal QRS-T angle ( p = 0.004 and p = 0.028, respectively). The corresponding parameters for normal, border line, and abnormal frontal QRS-T angles are listed in Table 2 , whereas age, heart rate, corrected QT, HT, and LMCA diameter were significantly correlated with the frontal planar QRS-T angle in univariate correlation analysis; corrected QT, HT, and LMCA diameter were the independent variables that affected the frontal planar Values are given as means ± SD or n (%). BMI, body mass index; LVEF, left ventricular ejection fraction; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; BUN, blood-urea nitrogen; QTc, corrected QT. ( Table 3 ) .
QRS-T angle in multivariate linear regression analysis
Based on the luminal calibers of the LMCA and history of HT, there was a statistically significant difference for frontal planar QRS-T angle among the 4 groups (p = 0.001) and this statistically significant difference was prominent between groups A and D (26.32 ± 35.46 vs. 47.30 ± 48.94°, p = 0.002), and between groups B and D (25.65 ± 27.63 vs. 47.30 ± 48.94°, p = 0.004) ( Fig. 1 ) .
Discussion
The primary finding of this study was that there was an independent association between the frontal planar QRS-T angle and the luminal caliber of the LMCA and history of HT in subjects with normal coronary arteries on CAG. Subjects with a history of HT and a larger luminal caliber of the LMCA had the widest frontal planar QRS-T angle compared to other subgroups.
Despite many studies about the underlying pathophysiological mechanisms of ventricular repolarization abnormalities, we cannot find any literature data investigating the relationship between the luminal caliber of the coronary arteries and the frontal planar QRS-T angle in subjects with HT. With this article, a strong and independent relationship has now been fully defined between the coronary artery diameter and the frontal planar QRS-T angle. The findings of our study suggest that a higher, but still in the normal range, LMCA diameter might affect the electrical activity of the left ventricle in subjects with HT and without angiographically apparent atherosclerosis. Ventricular depolarization or repolarization abnormalities are important in arrhythmia provocation. The QRS-T angle is defined as the angle between the main electrical directions of ventricular depolarization and repolarization. It is easy to use and a more reproducible measurement than other conventional ECG parameters (especially QT dispersion), and shows fewer methodological limitations. Normally, as a result of the balanced regulation of electric activation, the orientation of the depolarization axis and repolarization axis is in a similar course, thereby resulting in a narrow QRS-T angle (<45°) [9] . However, a widened QRS-T angle reflects the increased ventricular repolarization heterogeneity and arrhythmic vulnerability [10] .
In the present study, we used the frontal planar QRS-T angle since most studies have shown that the frontal planar QRS-T angle is a proper clinical substitute for the spatial QRS-T angle for risk prediction [11] and the frontal planar axes of QRS and T are readily available in most ECG reports. Although the spatial QRS-T angle has a better prognostic value for cardiac risk prediction, the measurement is quite complex and needs dedicated software that is not commonly available and with which most clinicians are not accustomed to. In our study, we accepted the value of >90 o for an abnormal frontal planar QRS-T angle, which is clearly outside the possible calculation errors since a frontal planar QRS-T angle <45° has been described as normal [12] and a QRS-T angle >90° is a powerful risk marker for cardiac mortality, independently of other clinical and ECG predictors [2, 13] .
The QRS-T angle has recently been shown to be a strong and independent predictor of cardiac mortality for various patient groups such as coronary artery disease [5] , heart failure [7] , type 2 diabetes mellitus [14] , elderly subjects [6] , postmenopausal women [15] , and Chagas disease [16] . Nonetheless, studies investigating the role of the QRS-T angle in HT are limited.
Elevated blood pressure is widely recognized to be an important cardiovascular risk factor for sudden death, of which cardiac arrhythmias are the main cause [17, 18] . In general, high QT dispersion values have been reported in patients with systemic HT and left ventricular hypertrophy (LVH) [16] . However, the pathophysiological mechanisms underlying repolarization abnormalities in patients with HT were partially explained. Our findings suggest that measurement of the frontal planar QRS-T angle may help detect ventricular depolarization and repolarization abnormalities in patients with HT. In concordance with our study, Dilaveris et al. [19] showed that the QRS-T angle is a sensitive marker of the repolarization alterations in systemic HT, and Atsma et al. [20] showed that elevated blood pressure was directly related to cardiac repolarization disturbances, and the results were stronger for the QRS-T angle than for the T axis. The occurrence of arrhythmogenic electrophysiological changes in response to ventricular pressure or volume overload has been well documented [21] . HT causes LVH and thereby changes in shape and mass of the heart [22] . Myocardial hypertrophy alters the ionic channels during the early repolarization phase [23] and increases the collagen interstitial matrix [24] that may lead to ventricular repolarization alterations. As a result, LVH may generate or facilitate disturbances in ventricular depolarization and repolarization, subsequently favoring the propensity to cardiac arrhythmias and mortality [17] . Ishizawa et al. [25] showed that early changes in cardiac geometry and ventricular dimensions, even before overt LVH has developed, may result in changes of ventricular depolarization and repolarization, and may become visible on the ECG.
We found that subjects with a history of HT had larger LMCA compared to nonhypertensives (4.29 ± 0.67 vs. 4.06 ± 0.51 mm, p = 0.017), but there was no statistically significant difference for the luminal diameters of other coronary arteries. In accordance with our study, Dodge et al. [26] found that the coronary luminal diameter was enlarged in patients with LVH and dilated cardiomyopathy. HT is associated with a change in the wall thickness-tolumen diameter ratio of the coronary artery and there is histological evidence of remodeling of coronary small arteries in HT [27] [28] [29] . This structural change is primarily due to eutrophic remodeling [30] .
The present study's limitations included its retrospective nature based on a single center registry with a small number of patients, and the luminal caliber of the coronary arteries evaluated with CAG had some prognostic consequences. Cardiac magnetic resonance imaging could add more diagnostic information by visualizing not only the luminal caliber but also the arterial wall characteristics with high spatial and tissue contrast resolution; therefore, it is conceivable to use cardiac magnetic resonance imaging in a prospective design of such a study.
Conclusion
Patients with a history of HT and a larger luminal caliber of the LMCA had the widest frontal planar QRS-T angle. Further, the changes in the luminal caliber of the coronary arteries were associated with an abnormal frontal QRS-T angle; the frontal QRS-T angle could serve as a marker of ventricular repolarization heterogeneity in hypertensive patients in addition to keeping track of arrhythmic events, even before overt disease. However, further prospective studies are needed to clarify the underlying precise pathophysiology of ventricular repolarization abnormalities in hypertensive patients.
